A novel multi-frequency energy harvester has been designed and fabricated, which consists of three permanent magnets, three sets of two-layer copper coils and a supported beam of acrylic, while these coils are made of thin fire resistant 4 (FR4) substrates using a standard printed circuit board. The energy under the first, second and third resonant modes can be harvested, corresponding to the resonant frequencies of 369 Hz, 938 Hz and 1184 Hz, respectively. The maximum output voltage and power of the first and second vibration modes are 1.38 mV, 0.6 μW and 3.2 mV, 3.2 μW for a 14 μm exciting vibration amplitude and a 0.4 mm gap between the magnet and coils, respectively. The feasibility study results are in good agreement with the theoretical calculations and show promising application potentials.
Introduction
Recently a lot of interest has been attracted by MEMS energy harvesters capable of converting kinetic energy from ambient vibrations into electrical energy. Beeby et al [1] and Roundy et al [2] have reviewed three major energy transduction micromechanisms for harvesting energy from vibrations, namely, electromagnetic, piezoelectric and electrostatic approaches.
Additionally, Arnold [3] has reviewed various micro-scale power generators based on the electromagnetic scheme. Most of the reported vibrationpowered harvesters provide the maximum output power when such devices operate at their mechanical resonances. However, in fact, the vibration frequency of environment excitation sources would vary from one case to another [2, 4] . For example, the vibration frequency of a desktop PC during normal operation is 543 Hz, but the vibration frequency while running a CD ROM is 154 Hz [5] . Therefore, it is necessary that the energy under different vibration frequencies with respect to a given MEMS harvester can be collected. The reported solutions for resolving this practical concern are categorized into two major groups. First of all, a wideband frequency approach has been demonstrated. Sari et al [6] have reported an array of cantilevers with different lengths and resonant frequencies. When this array of cantilevers is excited by a shaker across a band of vibration frequency, the electrical coils prepared on these cantilevers will generate current with the same frequency as the mechanical resonance of each cantilever. When the dimension and materials of cantilevers are designed and selected properly, 10 mV voltage and 0.4 μW power can be generated continuously within a frequency band of 800 Hz (4.2-5 kHz) from an array of 35 cantilevers. Besides, Roundy et al have reported a concept of making a multi-degree-of-freedom piezoelectric bimorph including multiple individual masses arranged along this bimorph beam for achieving a wider operation bandwidth of 17.5 Hz [7] . The second group is mainly working on multiple vibration modes, while each mode represents one resonant frequency. A piezoelectric multi-frequency energy converter is reported by Marco et al [8] , which deployed a similar concept of multiple bimorph piezoelectric cantilevers with various masses at the cantilever end such that the resulted resonant frequencies are different. In addition to the above-mentioned cantilever-array-based approaches, an NdFeB magnet assembled on a movable Cu plate which is supported by spiral shaped Cu springs has been reported by Neil et al [9] .
On the other hand, most of the previously reported approaches are working on silicon-based solution. In view of the low-cost sensor network applications, it is very intriguing to explore polymer-based low-cost solutions. It is worthwhile mentioning that most commercially available magnets of high performance are typically in the volume of 10-50 mm 3 . Such a dimension is actually in line with the standard printed circuit board (PCB) technology. A PCB with multiple Cu coils could easily be fabricated in a very low cost way. In this feasibility study, we propose a simple polymer beam structure with multiple magnets, i.e., seismic masses, attached along the beam, while the beam can be vibrated on top of a stationary PCB substrate with multiple coils. The output from each individual coil is the function of the magnetic flux change attributed to the movable magnets on the said beam. It reveals a low-cost approach with the advantage of harvesting energy from vibrations of multiple frequencies.
Design and modeling

Design of the device
The schematic design of the vibration-based electromagnetic energy harvester based on three sets of coils and magnets is shown in figure 1 . The device includes three permanent magnets, three sets of bi-layer copper coil and a supported acrylic beam, while the coils are made of thin fire resistant 4 (FR4) substrates using standard PCB technology, and the acrylic beam is fabricated by laser machining. When the magnets vibrate and move toward the coils, the induced voltage will be generated from the coils according to Faraday's law of induction. The spiral layouts of coils on double sides of one FR4 substrate are made for allowing a current flow of two sides with opposite directions under the same magnetic flux direction. In other words, the compensation of generated current from two sides is avoided in this way.
Mathematical modeling
Inertial-based harvesters are essentially second-order, springmass systems. Assuming that an input displacement of y(t) = Y sin(ω t) was applied to the inertial frame, the relative velocity at the standard steady state can be expressed by equation (1) [10]:
where ω is the external vibration frequency, Y is the amplitude of vibration, ϕ is the phase angle, ω n is the natural frequency of the system and ξ m is the mechanical damping ratio of the system. For the fixed-fixed beams, the natural modes should be considered in the relative velocity equation. The relative velocity term in this case is given by the following equation [11] :
where r is the rth mode, L B is the length of the supported beam and x is the location of the beam. The induced open-circuit emf voltage V em is given by Faraday's law [12] 
where B is the magnetic field produced by the magnet and L P is the practical coil length. Substituting equation (2) into (3),
For the traditional large mass-/coil-type electromagnetic harvester, the instantaneous output power at steady state can be expressed by equation (5) [13]
where R L is the equivalent load resistance of the electricity circuitry and R C is the coil resistance. Substituting equation (2) into (5),
From this expression, it can be derived that one condition leading to the maximum output value of P (t) is R L = R C when the device operates at the resonant frequency. In other words, when the loading resistor matches the internal resistance of the coil, the energy harvester can provide the maximum output power.
The efficiency of a harvester should be the ratio of the energy delivered to an electrical load to the input energy from the excitation vibrations per cycle. Normally, the coupling coefficient, k, is a parameter related to the efficiency of the conversion from the external vibration energy to the energy stored within the harvester [14] , which is the vector field on the z axis. In the case of the electromagnetic harvester, the coupling coefficient is given by equation (7):
where B is the magnetic flux density, L P is the total practical coil length, k sp is the spring constant and L is the inductance of the conductor. The coupling coefficient depends on the structural design of the harvester. From equation (7) , in order to improve the coupling coefficient, the flux density and the practical coil length need to be increased, while the spring remains constant, i.e. the stiffness of the supported beam should be decreased.
The maximum transmission coefficient is λ max = U max /U in and is given by equation (8):
where λ max is the maximum transmission coefficient, which is independent of loading conditions, U max is the maximum output energy,
which is from the excitation vibrations per cycle, and z is the relative displacement of the conductor and magnetic field.
For a given cylinder magnet, the magnetic flux density B is given by equation (9):
where d is the distance from the coil to the magnet, B r is the residual magnetic flux density, R and T are the radius and thickness of the magnet, respectively. Figure 2 shows the relationship between the magnetic flux density and the gap of magnet and coils based on equation (9) . It shows that the flux density clearly decreases with the increase in gap. Based on equations (4) and (6), the output voltage and power will decrease. A smaller gap between the magnet and coil is attributed to a higher output performance. In the mean time, it also increases the coupling coefficient. The dimension of the cylinder magnet is 3 mm in diameter and 4 mm in length. The properties of the magnet are shown in table 1. It is clear that the flux density will decrease sharply with increasing gap between the magnet and coils. In order to define the space distribution of three magnets, the simulation results of the flux lines and flux densities using the software of ANSYS are shown in figures 3(a) and (b), respectively. There are few magnetic flux lines observed when the distance between magnets is above 1.6 cm. Thus there is no interaction between each set of coil and magnet. Otherwise the output performance of each set will be affected by adjacent sets. Therefore the distance between two magnets is kept at 1.6 cm in our experiment. The designed structural parameters are listed in table 1.
This suspended beam with integrated three pieces of magnets exhibits multi-degree-of-freedom vibrations. Thus the vibration characteristics of the energy harvester have been studied by using the ANSYS finite element analysis. The material properties of the acrylic beam are shown in table 1. Figure 4 gives the mode shapes of the first, second and third vibration modes corresponding to resonant frequencies of 346 Hz, 948 Hz and 1145 Hz, respectively. When the vibration mode matches with the first resonant frequency, the middle magnet, i.e., the second magnet, will reach its maximum amplitude. The maximum vibration amplitude of the first and third magnets will be obtained at the second mode, i.e., the resonant frequency of 948 Hz. Moreover, the third mode is a rotational mode and only the second coil can output the maximum voltage. Figure 5 shows the fabricated prototype used for testing. The coils of FR4 are mounted on the acrylic, the magnets are glued onto the beam, and the cylinder of the acrylic is used for controlling the gap between the magnets and coils. Based on the simulation result of the flux density, the coil area is designed for 1 cm × 1 cm, and the distance between each coil is set at 1 cm. For the standard PCB technology, the minimum coil line width is 254 μm, and each layer of coils consists of ten turns. Figure 6 shows the experimental testing platform. This setup consists of an electromagnetic shaker (Gearing & Watson Electronics Ltd V20, UK), a dynamic signal analyzer (Agilent 35670A), an accelerometer (ADI iSensor GS09001, USA), a power amplifier (Brüel & Kjaer WQ1108, Demark) and a computer to collect information through the GPIB port. The accelerometer is attached to the shaker in order to measure the input acceleration. The dynamic signal analyzer drives the shaker through an amplifier with an input voltage of sinusoidal signal V i so as to control the amplitude and frequency of the shaker. The frequency response and output voltage from each individual pair of magnet and coil are also recorded by the different channels of the dynamic signal analyzer.
Experimental results and discussion
Figures 7(a) and (b) show the variation in output voltage with the excitation frequency from 0 to 1500 Hz regarding to an initial gap of 1.1 mm between magnets and coils. As can be seen from figure 7(a), the resonant frequency of the first mode is about 369 Hz with the maximum output voltage V 2 being 0.088 mV under the acceleration of 0.76g (g = 9.8 m s −2 ). Meantime, V 1 and V 3 in this mode are 0.05 mV and 0.06 mV, respectively, and the slightly different values are attributed to the fabrication deviation and limitation of the assembly accuracy, where V 2 represents the output voltage from the middle coil, and V 1 and V 3 mean the output voltages from left coil and right coil showed in figure 5 . When we put these three coils in serial connection, the accumulated output voltage is about 0.2 mV. vibration amplitude will decrease as the vibrated frequency increases, so the value of the maximum output voltage Width of the acrylic beam 6e-3 m t 1 Thickness of the acrylic beam 1e-3 m l 3 Length of the single-layer coil area 1e-2 m W 2 Width of the single-layer coil area 1e-2 m t 2 Thickness of the coil substrate 5e-4 m l 2 Distance between coil and fixed end 1.1e-2 m l 4 Distance between coils 1e-2 m Figure 8 shows the output voltage versus various excitation amplitudes of the shaker derived from accelerometer output signals at the first resonant mode. In the case of 1.9g acceleration, i.e. 3.5 μm excitation amplitude, the output voltage V 2 is 0.231 mV. We observe that there is a linear relationship between the output voltage and the excitation vibration amplitude. But it is clearly seen that the slope of V 2 is larger than that of V 1 and V 3 , which is attributed to a larger relative velocity of the middle magnet based on equation (2) .
The magnetic flux density is a function of the gap distance between the magnets and coils as described in equation (7). Figure 9 shows the output voltage versus different initial gaps between magnet and coils under 1.4 μm excitation amplitude (0.76g). It is clear that the smaller gap contributes to the enlarged output voltages. From figures 8 and 9, it is obviously observed that there is a small discrepancy in the output V 2 voltage between simulated and experimental results, which is attributed to a larger damping ratio with a higher relative velocity of the middle magnet than V 1 and V 3 from equation (4) . But there is a good agreement between the simulation and experimental results of V 1 and V 3 .
Based on the modeling of the device, the practical coil length will affect the output voltage. Figure 10 amplitude is 1.4 μm and the initial gap between magnets and coils is the same as the one in the previous case, i.e., 1.1 mm. It is seen that the voltage increases as the number of coil layers is increased. On the other hand, the increase of the length of magnets will increase the flux density and the output voltage of the device. Moreover, the resonant frequency of the energy harvester will easily decrease by using this method. Thus the actual resonant frequency can be tuned to each specific application. The internal resistance of the twenty-turn coil for twolayer coils was 0.8 . Figure 11 shows the output power versus various load resistances under the first mode vibration at 369 Hz, where the excitation amplitude and initial gap between magnet and coils are 14 μm and 0.4 mm, respectively. When a matched resistor is 0.8 , the maximum output power values of 0.6 μW and 1.157 μW are measured from the second coil (V 2 ) and from all coils (V all ) in serial connection. Regarding the same device configuration, the maximum output power of 3.2 μW is measured from the first coil (V 1 ) under the second mode vibration at 938 Hz as shown in figure 12 . It is worthwhile to highlight that V 3 has the same value as V 1 with 180
• phase difference. Without having all coils in serial connection, we can separately collect current from each coil and store such energy in individual circuits. It is a way of allowing us to fully utilize the energy collected from the first and third coils. Additionally, the output power from the second coil is expected to be varied small due to the small vibration amplitude. Thus we do not discuss its effect. On the other hand, regarding the 14 μm exciting vibration amplitude and the 0.4 mm gap between the magnet and coils, the maximum output voltage of V 2 at the first vibration mode and V 1 at the second vibration mode are measured as 1.38 mV and 3.2 mV, respectively. As shown in figures 11 and 12, there is a discrepancy between the measured output power curves and calculated curves, which is mainly attributed to the existence of back emf when current passes through the coils. The effect is significant when the load resistance is very small because a larger current will pass through the coils [9] .
Conclusion
In this paper, a novel multi-frequency energy-harvesting technique based on the electromagnetic method is proposed, designed and characterized. Optimization of the energyharvesting performance has been characterized in terms of several aspects: (a) increasing the exciting vibration amplitude; (b) increasing the number of coil turns and layers; (c) decreasing the gap between the magnet and coils; (d) increasing the magnetic field intensity. The experimental results show that the vibration energy under the three environment exciting frequencies of 369 Hz, 938 Hz and 1184 Hz can be harvested. In the case of 14 μm exciting vibration amplitude and 0.4 mm gap between magnet and coils, the maximum output power of the first vibration mode is 0.6 μW from the second magnet, while a total output power of 1.157 μW can be obtained when the three sets of coils connect serially. Besides, the maximum output power of the second vibration mode is 3.2 μW from the first coil with the same device configuration and testing setup. The major advantage of our device is low cost and capability of harvesting more energy from vibrations of multi-frequency.
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